Introduction
Coronary atherosclerosis heart disease (coronary heart disease) is a leading cause of mortality in the 21st century, among which acute myocardial infarction (AMI) is one of the most serious clinical manifestations associated with high occurrence rate, high mortality and poor long-term prognosis (1, 2) . The early, continuous and full opening of infarct-associated vessels to recover blood perfusion in the ischemic myocardium is the most important principle of treatment for AMI. In recent years, with the wide application of intravenous thrombolysis, percutaneous coronary interventions (PCI), coronary artery bypass grafting and other strategies, there has been an evident improvement in the symptoms and prognosis for patients with coronary heart disease and AMI (3) . However, despite the numerous strategies available, it is common that clinical symptoms do not improve as expected. On the contrary, numerous patients emerge with reperfusion arrhythmia, increased myocardial infarction area and cardiac insufficiency. As a result, the concept of myocardial ischemia reperfusion injury has emerged. Attempting to relieve the occurrence of reperfusion injury has become a prominent obstacle in the prevention and treatment of ischemic heart disease.
Myocardial ischemia reperfusion injury is a highly complex process, and currently there are several key pathogenic mechanisms that are considered to be involved, including oxidative stress injury, intracellular calcium overload, cell apoptosis, cellular energy loss and activation of neutrophil inflammatory reaction (4) . Ischemia reperfusion injury also involves multiple regulatory mechanisms, including the activation and inactivation of signaling pathways (5) . In processes including ischemic pre-adaptation, ischemic post-adaptation and pharmacological pretreatment, the confluence of numerous pathways is triggered by the heart to release endogenous active substances, activating various intracellular signal transduction systems to adjust cardiac function, which has a protective effect on the myocardium (5) .
Proanthocyanidins are highly efficient free radical scavengers, which are widely used in the clinic to delay senility, regulate blood fat and to reduce the development of atherosclerosis and tumor growth (6) . Several studies have identified that proanthocyanidins have a protective effect on myocardial ischemia reperfusion, but the endogenous mechanism underlying this effect is has yet to be elucidated. In the present study, myocardial cells cultured in vitro were exposed to acute anoxia-reoxygenation in order to simulate myocardial ischemia-reperfusion injury. Pretreatment with proanthocyanidins was performed to study their ability to relieve anoxia-reoxygenation injury and to investigate the specific manifestation mode of this injury. Furthermore, it was investigated whether the protective effects of proanthocyanidins on anoxia-reoxygenation injury in myocardial cells proceeded via the phosphatidylinositol-3-kinase/Akt and glycogen synthase kinase (P13K/Akt/GSK)-3β signaling pathway and the mitochondrial ATP potassium (mitoKATP) channel.
Materials and methods
Experimental animals and reagents. Sprague Dawley rats, aged 1-3 days, were provided by the Animal Center of Shandong University (Jinan, Shandong, China). This study was approved by the Ethics Committee of Shandong University (Jinan, China). Several regents were used, including Dulbecco's modified Eagle's medium (DMEM; Invitrogen Life Technologies, Carlsbad, CA, USA), trypsin (Tiangen Biotech (Beijing) Co., Ltd., Beijing, China), dichlorofluorescein probe (Sigma, St. Louis, MO, USA), MTT proliferation detection kit (Sigma, San Jose, CA, USA), a terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) kit (Tiangen Biotech (Beijing) Co., Ltd.), Annexin V-fluorescein isothiocyanate (FITC) cell apoptosis detection kit (Invitrogen Life Technologies), LY294002 and 5-hydroxy decanoic acid (5-HD; Sigma , CA, USA), mouse anti-rat Akt antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). Furthermore, mouse anti-rat glycogen synthase kinase (GSK)-3β and caspase-3 antibodies were purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA).
Isolation of neonatal cardiomyocytes. Isolation of neonatal cardiomyocytes is a technically more simple procedure than cell isolation from adult hearts, as it does not require aorta cannulation and perfusion. A two-step procedure was employed, consisting of enzyme digestion and mechanical agitation of the ventricular tissue followed by purification of the cardiomyocyte population. The enzymatic digestion and purification of cardiomyocytes was performed as previously described (7) .
Cell culture. For the culture of neonatal myocardial cells, two methods were employed, including a re-differentiation and a rapid attachment method as previously described (8,9). The redifferentiation method was performed to ensure that the neonatal cells regained a typical morphology and shape, concurrent with slow cell attachment to the substrate. The rapid attachment method resulted in an improved retention of in vivo myocyte morphology and functionality, as well as ease of use in experiments.
Establishment of the anoxia-reoxygenation model. The experiment was started when the myocardial cells grew close to conf luence, exhibiting synchronous growth cycles. Ischemia simulation solution components included NaH 2 PO 4 0.9 m mol/l, NaHCO 3 Trial grouping. The present study was divided into five groups according to an experimental scheme. The control group (CN) consisted of myocardial cells cultured under normal conditions. The anoxia-reoxygenation group (AR) was composed of the anoxia/reoxygenation injury model in myocardial cells subjected to anoxia for 3 h and reoxygenation for 3 h. In the proanthocyanidin (Shenfu Inc., Shanxi, China) pretreatment groups (PC), the culture medium was added with a final concentration of 100 mg/l of the proanthocyanidins and the cells were incubated for 2 h prior to exposure to anoxic and reoxygenation conditions. In the LY294002 (blocker of the PIK3/Akt channel) group, culture medium was added containing LY294002 at concentration of 15 µmol/l, proanthocyanidins were added 30 min later, then anoxia and reoxygenation were conducted. In the 5-HD [an inhibitor of mitochondrial ATP-sensitive potassium (mito-KATP) channels] group, the culture medium was added to 5-HD at a concentration of 100 µmol/l, proanthocyanidins were added 30 min later and then anoxia and reoxygenation were conducted.
Measurement of reactive oxygen species (ROS)
. ROS levels were measured by flow cytometry. Following treatment, cells were trypsinized and centrifuged (2 min at 20,000 x g), and the cell pellet was treated with 2' ,7'-dichlorodihydrofluorescein diacetate stain (1:200), resuspended and incubated at 37˚C for 20 min in the dark. Cells not treated with 2',7'-dichlorodihydrofluorescein diacetate were used as negative controls and stained cells treated with 100 µl hydrogen peroxide (30% w/v hydrogen peroxide) incubated for 10 min served as positive controls. ROS levels were measured using a flow cytometer (Becton-Dickinson, Franklin Lakes, NJ, USA) and quantified by determining the mean fluorescence for each treatment.
TUNEL assay. Potential DNA fragmentation was examined by the TUNEL apoptosis detection kit (Chemicon, Temecula, CA, USA). The specific procedure of the TUNEL assay was performed as previously described (10) .
Flow cytometric analysis.
Binding of annexin V-FITC and uptake of propidium iodide (PI) into the cells were assessed using a FACScan flow cytometer (Becton-Dickinson). Briefly, cells were harvested, resuspended and incubated with Annexin V-FITC and PI (5 µg/ml) in the dark at room temperature for 15 min. Fluorescence was measured through a 530/30 band filter (FL-1) to monitor Annexin V-FITC binding and through a 585/42 band filter (FL-2) to monitor PI uptake.
Western blot analysis.
Western blotting was employed to analyze the expression levels of caspase-3, p-Akt, GSK-3β and p-GSK-3β. The assay was performed as previously described (11) .
Statistical analysis. Data were expressed as the mean ± standard deviation (SD), variance analysis was used to compare multiple groups and the q test was used to analyze inter-group differences. Analysis was performed using SASS 6.12 statistical software (SPSS, Inc., Chicago, IL, USA) and P<0.01 was considered to indicate a statistically significant difference between values.
Results
Myocardial cell survival rate in each group. Myocardial cells were evidently impaired in the A/R group (41.33±1.45%), and the cell survival rate was significantly reduced as compared with that in the control group (91.95±2.27%; P<0.05). Cell survival rate in the PC group (75.64±2.01%), was significantly higher than that in the A/R group (P<0.05). The cell survival rate in the LY294002 group (46.56±3.3%) was significantly lower than that in the PC group (P<0.05) as compared with that in A/R group, where there were no significant differences. The cell survival rate in the 5-HD group (48.17±1.7%) was significantly lower than that in the PC group (P<0.05), while there was no significant difference from that in the A/R group. There was no significant difference between the cell survival rate in the LY294002 group and that in the 5-HD group (Fig. 1) .
ROS levels in myocardial cells in each treatment group.
In the A/R group (fluorescence intensity, 211.69), ROS levels were significantly increased as compared with those in the CN group (27.06; P<0.01). ROS levels were decreased in the PC group (80.11) as compared with those in the A/R group, which were significantly different (P<0.01). ROS levels were significantly increased in the LY294002 group (180.45) as compared with those in the PC group (P<0.01), while there was no significant difference from those in the A/R group. ROS levels increased significantly in the 5-HD group (168.35) as compared with those in the PC group (P<0.01); however, there was no significant difference from those in the A/R group. There were no significant differences between the ROS level of cells in the LY294002 and 5-HD groups (Fig. 2) .
TUNEL results. As compared with the CN group (3.1±0.65%), the percentage of TUNEL-positive cells in the A/R group (25.3±2.64%) was significantly increased (P<0.05). As compared with the A/R group, TUNEL-positive cells in the PC group (10.2±1.59%) were significantly decreased (P<0.01). TUNEL-positive cells in the LY294002 group (18.6+1.79%) were significantly increased as compared with those in the PC group (P<0.01). TUNEL-positive cells in the 5-HD group (19.5±2.03%) were also significantly increased when compared with the PC group (P<0.01). There were no significant differences between the A/R and the 5-HD groups, between the LY294002 and 5-HD groups and between the LY294002 and A/R groups (Fig. 3) .
Apoptotic rates of myocardial cells. Flow cytometric analysis was used to detect the Annexin V/FITC and PI staining and determine apoptotic rates. In the Activated caspase-3 levels in each group. The levels of activated caspase-3 protein (cleaved caspase-3) reflected the degree of apoptosis in myocardial cells, which showed a positive correlation. From Fig. 5 , it was identified that caspase-3 in the A/R group were significantly activated as compared with those in the CN group (P<0.05). When treated with proanthocyanidins, caspase-3 activation was significantly inhibited in the PC group, and activated caspase-3 level was significantly decreased, compared with the A/R group (P<0.05). Furthermore, activated caspase-3 level in the LY294002 and 5-DH groups was significantly increased, when compared with the PC group (P<0.05). However, there was no significant difference between the LY294002 and 5-DH groups.
p-Akt and p-GSK-3β expression analysis. p-Akt protein expression was moderately increased in the A/R group, but there was no significant difference when compared with the CN group (Fig. 6A) . p-Akt protein expression increased significantly in PC group when compared with the A/R group (P<0.05). p-Akt protein expression decreased significantly in the LY294002 group when compared with the PC group (P<0.05). There was no significant difference between the PC and 5-DH group (P>0.05). Furthermore, there was no significant difference of t-Akt expression between every group (data not shown).
p-GSK-3β protein expression was slightly increased in the A/R group, but there was no significant difference when compared with the CN group (Fig. 6B) . p-Akt protein expression increased significantly in the PC group when compared with the A/R group (P<0.05). p-GSK-3β protein expression decreased significantly in LY294002 group when compared with the PC group (P<0.05). There was no significant difference in p-GSK-3β expression between PC group and 5-DH group (P>0.05). Furthermore, there was no significant difference of t-GSK-3β among every group (data not shown).
Discussion
Oxidative stress is important in myocardial anoxia-reoxygenation injury, where excessive ROS production is derived from the mitochondrial electron transport chain, activated neutrophils and the enzyme xanthine oxidase (12, 13) . ROS have a highly potent chemical activity, and their active electrons easily militate against the components of cells, enhancing cell membrane lipid peroxidation, restraining the function of cellular proteins and damaging nucleic acids and chromosomes, resulting in overall damage to cellular structure and functioning with harmful consequences (14, 15) . In the present study, it has been identified that the myocardial cell survival rate decreased following anoxia-reoxygenation injury, ROS production was enhanced and the apoptotic rate of myocardial cells increased. Cell apoptosis, also known as programmed cell death (PCD), is induced by the activation of signal transduction pathways, which trigger karyocyte-dependent activation of endogenous DNA incision enzymes. Under certain physiological or pathological conditions, this process is able to independently regulate gene expression, inducing characteristic morphological and biochemical changes to normal cellular functioning. Caspase-3 has a key function in the implementation of apoptosis. Apoptotic stimuli induce a reduction in the mitochondrial transmembrane potential, triggering cytochrome C release into the cytoplasm and the subsequent activation of a caspase-mediated apoptosis reaction, which drives the rapid execution of cell death (16). Apoptosis is critical in the pathological process underlying myocardial ischemia-reperfusion injury. Zhao et al (17) identi- 
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fied that inhibiting myocardial apoptosis significantly reduced the area of myocardial infarction, by not only relieving the necrotic lesion of ischemia-reperfusion, but also by improving the mechanical contractile function of the heart.
When the mitochondrial outer membrane ruptures and the mitochondrial content, including apoptosis inducing factor (AIF) and cytochrome C, is released, this disrupts the electron transfer chain and directly induces cell death (18, 19) . Through the study of the association between ROS generation and the opening of the mitochondrial permeability transition pore (mPTP) during the process of myocardial anoxia-reoxygenation injury with apoptosis, it has been identified that the generation of ROS occurs earlier than the opening of the mPTP. This indicates that ROS may cause the opening of the mPTP, as single anoxia does not induce the opening of the mPTP. However, large amounts of ROS are generated following reoxygenation and the mPTP opens. A rapid and wide opening of the mPTP may cause excessive expansion of mitochondria and uncoupling of oxidative phosphorylation, which causes hydrolysis of large amounts of ATP, leading to cell death (20) . Accordingly, stabilizing the permeability transition pore in the mitochondrial membrane and reducing the production of ROS are important in preventing cellular apoptosis. Bergmann et al (21) identified that pravastatin pretreatment reduces the generation of ROS in anoxia-reoxygenation-injured myocardial cells, as well as the rate of cellular apoptosis. The results of the present study revealed that proanthocyanidins effectively inhibited the production of ROS induced by acute anoxia-reoxygenation, which subsequently inhibited apoptosis. These data are consistent with earlier studies, confirming that the antiapoptotic effect of proanthocyanidins proceeds via inhibition of the mitochondrial pathway, which reduces caspase-3 activity.
The PI3K/Akt/GSK-3β signalling pathway is the most important signal transduction pathway in myocardial ischemic pretreatment. The protective effect of ischemic pretreatment on the myocardium is predominantly due to the activation of the PI3K/Akt signal transduction pathway (22) . Efthymiou et al (23) identified that administering atorvastatin reduced the myocardial infarction area (MI) in the ischemia reperfusion model of the normal myocardium of rats in vitro. Furthermore, these effects were eliminated by the PI3K/Akt inhibitor, indicating that the protective effect of atorvastatin on the myocardium was mediated by the PI3K/Akt pathway, inhibiting apoptosis and regulating the transport of glucose in correlation with glycogen synthesis. In addition, studies have demonstrated that GSK-3β is associated with the opening of the mPTP.
In the myocardial cells of the anoxia-reoxygenation model, the addition of diazoxide prior to cell anoxia reduced intracellular calcium overload, mitochondrial membrane potential and oxidative stress induced-apoptosis. By contrast, the addition of the mitoKATP channel blocker 5-HD eliminated this protective effect (24) . One study revealed that oxytocin is protective against myocardial ischemia-reperfusion injury by reducing the area of myocardial infarction and myocardial enzyme release, and this effect was inhibited by 5-HD and atractyloside (a mPTP-opening agent). ROS produced in the process of anoxia-reoxygenation regulate the permeability of the mPTP and thus reduce apoptosis, while mitoKATP regulates the production of ROS (25) . The mitoKATP channel has a protective role in anoxia-reoxygenation injury; however, the precise location of interference with the process remains to be identified. A number of studies have hypothesized that the mitoKATP channel is the initiating factor in the protection mechanism of ischemia-reperfusion injury, while others consider it to be the final effector (26) (27) (28) .
Previous studies have identified that proanthocyanidins have a protective effect on myocardial ischemia reperfusion. Sato et al (29) demonstrated that grape seed extract promotes the recovery of cardiac contractile function following ischemia and reperfusion, as a significant reduction in the myocardial infarct area was observed and it appeared to directly scavenge peroxyl radicals, thus leading to the inhibition of cell apoptosis. In one study, proanthocyanidins attenuated the isoproterenol-induced activation of various enzymes in the mitochondria, including lysosomal enzyme, isocitrate dehydrogenase, cytochrome C oxidase, NADH dehydrogenase, and reduced the area of myocardial infarction (30) . In the present study, myocardial cells were exposed to anoxia-reoxygenation conditions in vitro in order to simulate myocardial ischemia-reperfusion injury. This model did not consider the effect of neural, humoral and other hybrid cell factors present in in vivo and in vitro perfusion models. Following proanthocyanidin treatment, the myocardial cells exhibited an increase in overall survival, a reduction in ROS levels and a decrease in the apoptotic rate, all of which showed significant differences. These data demonstrated that pretreatment with proanthocyanidins had a protective effect on myocardial cells with anoxia-reoxygenation injury. The addition of the PI3K/Akt-specific inhibitor LY294002 and the mitoKATP channel-specific blocker 5-HD prior to pretreatment with proanthocyanidins eliminated the protective effects of proanthocyanidin, including the reduction in myocardial intracellular ROS and apoptotic rate. These data suggested that the PI3K/Akt/GSK-3β signaling pathway and mitoKATP channels were activated by the proanthocyanidins, which are likely to be the mechanisms underlying the protective effect of proanthocyanidins on myocardial anoxia-reoxygenation injury. Following the addition of the P13K blocker, the protein levels of p-Akt and p-GSK-3β were significantly reduced, which were significantly different when compared with those in the PC group. Following administration of the mitoKATP channel-specific blocker, PI3K and phosphorylated GSK-3β showed no significant difference, which indicated that the mitoKATP channel may have an important role downstream of the P13K/Akt/GSK-3β pathway.
In conclusion, pretreatment with proanthocyanidins had a protective effect on myocardial cell anoxia-reoxygenation injury in rat cells. This effect was associated with the activation of the PI3K/Akt/GSK-3β signaling pathway and the opening of mitoKATP channels, which may have an important role downstream of the PI3K pathway.
